Objective: Children with orofacial clefts (OFCs) may experience poor reading proficiency, learning disabilities, and academic underachievement. We examined the association between nonsyndromic (NS) OFCs and end-of-grade (EOG) performance in reading and math from third through eighth grade in a sample subgroup.
Introduction
Orofacial clefts (OFCs), which include cleft lip (CL), cleft palate (CP), and cleft lip with cleft palate (CLþP), are among the most common birth defects in the United States affecting about 1 in every 690 live births (Mai et al., 2014) . Children with OFCs experience impairments in speech and language development including delays in expressive language, memory deficits, and processing speed as well as lower rates of school competency (Richman, 1980; Richman et al., 2005; Snyder and Pope, 2010) . In a sample of children with an OFC attending craniofacial centers in the United States, 46% had a learning disability and 47% scored below the 25th percentile on standard achievement tests and were functioning below grade-level (Broder et al., 1998) . In population level studies, Swedish adolescents with CP were 40% to 50% more likely to receive lower achievement scores in math, reading, and physical education compared to their peers (Persson et al., 2012) . On standardized achievement tests in the United States, compared to classmates, children with isolated OFCs scored, on average, 5 percentile points lower in math and language and had lower academic trajectories in both subjects between elementary school and high school (Wehby et al., 2014; Wehby et al., 2015) . A study of Norwegian adults found increased mortality and morbidity, including intellectual disability, in primarily the CP cases (Berg et al., 2016) .
The causes of academic impairments in children with OFCs are unclear. As is the case with other complex disorders, it is likely that multiple genetic and/or environmental factors are involved. One line of investigation has been to study whether these deficits are secondary to psychosocial issues related to impairments such as abnormal speech development, poor hearing, sleep disordered breathing, and social stigma related to physical appearance leading to rejection by caretakers and peers. Any of these could result in a lack of normal childhood interactions and an interference with schooling and intellectual development (Estes and Morris, 1970; Robert et al., 1995; Jocelyn et al., 1996; Neiman and Savage, 1997; Brand et al., 2009; Hentges et al., 2011) . The number of operations and exposures to anesthesia has also been raised as a possible factor, but recent findings suggest that these may not be significant causative factors (Glatz et al., 2017) . In addition, it has been suggested that some of these learning deficits may be primary developmental abnormalities, possibly because of inborn errors of brain morphogenesis related to the original causes of OFCs. For example, cases with undiagnosed 22q11.2 deletion syndrome in studies could contribute to academic underperformance in the CP groups. The fact that the development of the face and brain are intimately related (Demyer et al., 1964 ; Sperber, 1992) suggests that some of the known and unknown genetic, environmental, and/or stochastic factors involved in the causation of OFCs may also have effects on brain development. Consistent with this premise are studies in human populations, and genetic and teratogenic animal models that demonstrate an association between OFCs and abnormal central nervous system (CNS) structure (Nopoulos et al., 2007; Weinberg et al., 2009; Adamson et al., 2014; Aerts et al., 2014; Lipinski et al., 2014) .
Based on previous studies, children with assumed isolated OFCs appear to be at risk for academic underachievement, and the degree of underachievement may differ by type of cleft.
However, these studies often define cleft cases using birth defects registry codes where it may be difficult to clearly define a case as isolated or truly nonsyndromic. By relying solely on registry coding, children with syndromic OFCs or underlying predisposing conditions may have been included as isolated cases. Underlying conditions that are independently associated with cognitive impairment, therefore, may confound the association between clefting and academic achievement.
We evaluated academic achievement in third grade among children with clinically classified idiopathic nonsyndromic (NS) OFCs (cases) compared to children born without structural birth defects in a population of children born in NC and enrolled in NC public schools. We also evaluated trends in academic performance by cleft type between third and eighth grade in a subgroup of the sample.
Methods

Data Source/Parent Cohort
The North Carolina Cleft Outcomes Study includes NC resident live births born between 1997 and 2003 with an OFC, and a random sample of children without a structural birth defect born during the same time period. We ascertained cases from the NC Birth Defects Monitoring Program (NCBDMP), a statewide population-based surveillance system, and identified a comparison group of children from a random sample of birth certificates during the same time period, and excluded those with a birth defect by matching the sample to the NCBDMP registry. We also excluded child deaths by matching subjects to state death certificate files. Our initial study population included 1098 children with OFCs and 10,832 children without birth defects.
Clinical Classification Procedure
Accurate classification of cases is of primary importance because known genetic and environmental causes of clefting may also influence central nervous system development. A classification team including specialists in pediatric genetics/ dysmorphology, birth defect epidemiology, craniofacial surgery, and dentistry used NCBDMP abstraction and additional medical record reviews to phenotype cases. We constructed a database to classify cases of cleft using the following information: patient summary; diagnoses; cytogenetic and molecular genetic testing; and examination. We entered both ICD-9-CM and CDC/BPA codes from the NCBDMP as well as any free text. We abstracted cytogenetic and molecular genetic testing results, a list of procedures performed (eg, imaging or surgery), and descriptions of the findings from the medical records. We then used a classification template with basic rules for interpretation and phenotype classification. This classification process resulted in the exclusion of 21.5% of the original cohort (153 cases) from our subsequent analyses, which were designed to include only cases with truly idiopathic, nonsyndromic OFCs (NS-OFCs). Examples of exclusions include the following: median cleft lips, Tessier clefts, premaxillary agenesis, recognizable syndromes, cases with other major anomalies/ malformations, documented or strongly suspected chromosome abnormalities or single gene mutations, and those with possibly significant teratogenic gestational exposures. Cases with known or suspected but otherwise nonsyndromic Robin sequence that matched other inclusion criteria were not excluded from this study. Details of this case classification are published elsewhere (Aylsworth et al., 2015) . 
Measures
We stratified cases into the following types: cleft lip only with or without cleft alveolar ridge, cleft lip with cleft palate, and cleft palate only.
Academic Performance
In North Carolina, students in public schools take end-of-grade (EOG) achievement tests in third through eighth grades to assess students' performance on grade-level competencies specific to the N.C. Standard Course of Study.
EOG test scores are reported as scale scores, achievement levels, and percentile scores representing mastery of state content standards. The numbers of items correctly answered are converted to a developmental scale score based on the mean and standard deviation for each grade-level. The developmental scale scores are a measure of student performance that represents a given level of academic proficiency. These scaled scores can be compared over time to measure academic growth.
Achievement levels are content-based level descriptors, based on developmental-scale cut points that differentiate performance across 4 categories as follows: A score of 3 or 4 is required to demonstrate proficiency. Students not demonstrating proficiency may not be promoted to the next grade. The Department of Public Instruction (DPI) records contained developmental scale scores and achievement levels in both reading and math. Children demonstrated grade-level proficiency if they scored either a level 3 or 4 on the EOG assessment and did not demonstrate grade-level proficiency if they scored either a level 1 or 2. For children who were retained, we used the initial grade-level test scores as a reflection of their original academic achievement levels. In addition, we used the developmental scale score at each time point between third and eighth grade to determine the amount of growth in reading and math over time among a subgroup with complete data.
During this study, DPI began administering the third edition of both the reading and math EOG assessments in 2006 and 2008. We converted second edition scores to the third edition equivalency score using concordance tables provided by DPI. Where there were 2 equivalency scores given, we assigned the average of the 2.
Covariates
Potential confounders included variables associated with having an OFC and with EOG performance among children without a birth defect. We estimated this association in our data using logistic regression models. Maternal education, race/ ethnicity, and public pre-kindergarten enrollment were associated with both cleft status and educational status (P < .05) in both our data as well as in the published literature (Williams et al., 2013) and were included in our models. We ascertained information on maternal education (classified as less than high school or more than high school) and race/ethnicity (classified as white non-Hispanic, black non-Hispanic, Hispanic, and other) from the child's birth certificate. We used enrollment in a public pre-kindergarten program (categorized as yes or no), as reported on the child's academic record as a proxy for the family's socioeconomic status. Children 4 years of age are eligible for the NC Pre-K program if their gross family income is at or below 75% of the State Median Income level. Although certain other eligibility criteria may also apply, 91% of children in 2012-2013 qualified based on income alone (PeisnerFeinberg et al., 2014) . Even though it is known that academic performance varies by gender, we chose to estimate an average effect for both males and females given that our estimates would be less precise (Voyer and Voyer, 2014) .
Statistical Analysis
The aim of our analysis was to estimate, on a population level, the odds of a child with an idiopathic NS-OFC underperforming in reading and math as well as the absolute difference in their test scores in third grade compared to their unaffected peers. In addition, we examined the average growth in academic performance in both groups by examining the change in the developmental scale score over time.
Specifically, using multiple logistic regression, we estimated crude and adjusted odds ratios (ORs) and 95% confidence intervals (CIs) of not achieving grade-level proficiency standards in reading and/or math in third grade among cases compared to children without a structural birth defect. We used linear regression to estimate the difference in third-grade developmental scale score for cases compared to unaffected children adjusting for the same covariates.
To estimate the odds of not meeting grade-level standards over time, we used generalized estimating equations (GEEs) with an autoregressive correlational structure, with equally spaced measurements at the same time for all individuals, to account for dependency between measures. We estimated average growth in developmental scale scores between third and eighth grade in both reading and math, using a mixed model. We examined the interaction between time and cleft status to ascertain whether the average rate of growth was dependent on cleft status. We adjusted these longitudinal models for race/ ethnicity, pre-kindergarten enrollment, and maternal education.
All analyses were conducted in SAS, version 9.3.
Results
Population
From our initial sample of 1098 children with OFCs and 10 832 children without birth defects, DPI matched 712 (64.9%) of the OFC group and 6822 (63.0%) of the unaffected group to NC public school records. We excluded 153 (21.5%) of the children in the cleft group for not meeting our inclusion criteria, leaving 559 idiopathic NS-OFC cases in the final cohort (Figure 1 ).
Descriptive Statistics
The distribution of sex, race/ethnicity, and year of birth was similar for children who had an educational record compared to children who did not. Approximately 50% of children in both groups were male and the proportion of children born between 1997 and 2002 was similar. Children with matching records were slightly less likely to be white (record: 58.8% vs no record: 68.9%) and less likely to be born in 2003 (record: 9.8% vs no record 23.6%) (eTable1). Among cases, 34.7% had CP, 26.7% had CL, and 38.6% had CLþP. Cases were more likely to be white non-Hispanic and have mothers with less than a high school education compared to children without a birth defect. Approximately 50% of children in our cohort attended an urban school and approximately 5% to 6% attended a publically funded pre-kindergarten program. Ninety-seven percent of children matriculated from third through fifth grade and were never retained. The average gestational age for children both with an idiopathic NS-OFC and without a birth defect was 38 weeks (Table 1 ). The mean birth weight for cases and children without a birth defect was 3219 g and 3293 g, respectively.
Third Grade Educational Achievement
Among the 559 cases, 87.3% had third grade EOG testing records compared to 93.2% of children without a birth defect. Children who receive special education services may qualify to take an alternative assessment if they meet state specific criteria. Although the prevalence was low, cases (6.6% vs 2.6%) were twice as likely to take an alternative assessment, other than the NC Standard EOG in reading or math, in third grade. The mean developmental scale scores for reading and math in third grade were similar for children with an idiopathic NS-OFC and their unaffected peers. The proportion of children who failed the EOG was also similar between groups (Table 2) .
Cases were 1.22 (95% CI: 0.99, 1.50) times as likely not to reach state third grade-level proficiency standards on the reading EOG assessment compared to children born without a birth defect controlling for maternal education, race/ethnicity, and public pre-kindergarten enrollment (Table 3 ). The magnitude of this effect was slightly higher for children with CL (OR: 1.32, 95% CI: 0.97, 1.92) as well as CLþP (OR: 1.33; 0.96, 1.83). On average, cases scored 1.31 points lower than their unaffected peers (Table 3) . In adjusted models, the odds of not achieving state-level proficiency standards in math was slightly attenuated for all cases as well as across cleft subtypes. Cases were 1.17 times (95% CI: 0.92, 1.48) as likely to not reach statelevel standards for third grade in math, and on average they scored 0.82 points lower than their unaffected peers (Table 3) .
After adjusting for covariates, children with a CLþP were 1.74 times as likely (95% CI: 1.19, 2.56) not to meet gradelevel standards in both subjects (reading/math) in third grade compared to their unaffected peers (Table 4) .
Educational Achievement Over Time
In the adjusted GEE model, with a subgroup of the sample who had complete data through eighth grade, cases showed an increased linear trend in not meeting grade-level standards in reading between third and fifth grade, and in math between third and seventh grade (Table 5) . Between third and eighth grade, on average, children's reading and math developmental scores increased by 4.5 points (SE: 0.08) and 3.95 points (SE: 0.08), respectively. There was not a statistically significant difference in the average rate of growth of reading (P ¼ .78) or math (P ¼ .42) developmental scale scores during this time period among cases compared to children without a structural birth defect.
Discussion
Our work is a population based study examining academic achievement using standardized test scores in a homogenous population of children with clinically classified NS-OFCs. We found that having a NS-OFC was moderately associated with not meeting third grade-level expectations in reading and math when compared to children without structural birth defects. The strength of this association was greatest for children with CLþP. In our cohort, one could expect the developmental scores in both reading and math to increase by approximately 4 points per year from third through eighth grade, based on the rate of growth for the population at the state level (Carolina, 2003) . This demonstrates an increase in proficiency in these given content areas as the child matriculates from elementary school to middle school. The average rate of growth in both subjects among cases compared to their unaffected peers did not differ and was similar to the growth rate at the population level, yet cases continued to show a trend in not meeting grade-level standards throughout their elementary school years.
Third grade is a particularly important year in a child's academic development. Reading proficiency at the end of third grade is a benchmark in educational development where children are transitioning from "learning to read" to "reading to learn." Children who are not meeting grade-level proficiency in reading at this time point are more likely to be poor readers in high school and experience more behavioral and social problems (Miles and Stipek, 2006; "Start Early," 1999) .
Our work supports and extends previous studies suggesting that children with OFCs are at increased risk for poor academic performance in elementary school and middle school. In an earlier parent survey from North Carolina, cases were reported to be 60% more likely to receive C and Ds in school compared to children without major birth defects (Knight et al., 2015) . In another study that examined standardized assessments, compared to unaffected classmates, children with assumed isolated OFCs scored lower on reading, math, and language measures of the Iowa Test of Basic Skills (ITBS), and were performing in lower achievement trajectories across grades (Wehby et al., 2014; Wehby et al., 2015) . When we examined academic outcomes among cleft subtypes, however, our results differed from previous populationbased studies. These studies found the greatest effect in cases of CP, with CLþP being less affected and CL showing the least effect (Persson et al., 2012; Wehby et al., 2014; Wehby et al., 2015; Berg et al., 2016) . Persson et al. ascertained cases from a birth registry eliminating cases with "associated syndromes or other birth defects" but the registry "was not updated retrospectively following identification of syndromes associated with cleft at a later stage." Wehby et al. ascertained isolated cases from their birth defect registry that included follow-up data through the first year of life, yet isolated was not further defined. Berg et al. studied a cohort of all adults born in Norway between 1967 and 1992 and excluded cases with other associated birth defects or chromosome abnormalities diagnosed "within the first days of life" (Berg et al., 2016) . Our study ascertained cases from the NC birth defects registry that included follow-up data collection for 18 to 30 months after birth. In addition, our study team utilized medical record reviews to clarify phenotypes, resulting in the elimination of more than 21% of the parent cases as being inappropriate for study (Aylsworth et al., 2015) . We hypothesize that previous samples of children with an isolated cleft palate may have included some children with an associated syndrome who were more likely to have lower achievement. As in previous studies, our work (with rigorous classification to identify truly idiopathic, nonsyndromic OFCs) finds that children with idiopathic NS-OFCs are more likely to underperform academically than their unaffected peers.
As previously discussed, the potential causes of these academic impairments are unknown and possibly multiple, including the secondary effects of psychosocial and surgical issues discussed above as well as primary developmental causes. Unlike previous population-based studies of academic achievement in patients with OFCs, our results are compatible with recent data suggesting that some of these learning deficits may be primary developmental abnormalities. Studies in both animal models and humans show abnormal brain structure in those with OFCs (Nopoulos et al., 2007; Weinberg et al., 2009; Aerts et al., 2014; Lipinski et al., 2014) . Growth of the facial processes that form the upper lip (particularly the medial nasal process) is dependent on inductive molecular signals from the adjacently developing forebrain (Marcucio et al., 2005) . The molecular interactions among forebrain, neural crest, and facial ectoderm that regulate development of the upper jaw in model animal systems are thought to occur in many, if not all, vertebrates (Marcucio et al., 2011) . Animal studies indicate that the critical period for causation of CL+P overlaps the end of the time window of sensitivity when forebrain malformations can be produced and, in turn, precedes that for CP causation (Heyne et al., 2015) . Patients with forebrain malformations may have OFCs that are characterized by hypoplasia or agenesis of the premaxilla (Richieri-Costa and Ribeiro, 2010). Increased sensitivity of forebrain development during the critical period for CLþP may in part explain our finding that children with CL and CLþP performed worse than those with CP. CLþP involves a more severe tissue deficiency than CL, suggesting a more severe insult to the developing forebrain in those cases where both are affected. Therefore, our finding that children with CLþP show the most significant delays is compatible with the hypothesis that some of the multifactorial causes of orofacial clefting may also be causally associated with abnormal forebrain patterning and have detrimental effects on brain development. Our finding and interpretation is also consistent with a previous study showing that cerebral volumes in children with OFCs are smaller than controls, with the frontal lobe (along with the subcortical nuclei of the caudate, putamen, and globus pallidus) preferentially affected, and the most significant overall brain size deficit occurring in those with CLþP (Nopoulos et al., 2007) . Our study has several strengths. We used a statewide birth defects registry to identify cases and linked these data to birth certificates and standardized longitudinal EOG test scores; a novel data linkage that has been completed by few states. We used direct measures of academic performance that are uniformly collected and reported across the state; thus, academic ability was based on a standardized quantitative measure and not subject to parent recall.
In previous population-based studies, cases were described as being isolated and did not appear to have excluded cases with potentially confounding conditions (Persson et al., 2012; Wehby et al., 2014; Knight et al., 2015) . Our active review of cases allowed us to exclude postnatally diagnosed syndromic OFCs, as well as those that had (or were suspected of having) underlying conditions or prenatal exposures with potentially detrimental effects on a child's ability to learn in school. Therefore, we minimized the inclusion of other syndromes or conditions that may independently be associated with poor academic achievement (Aylsworth et al., 2015) .
This study also had limitations. Even though we used standardized EOG test scores, the data from DPI are collected primarily for accountability purposes, and while they do provide a reliable measure of a child's knowledge and development in certain subject matter areas, they do not reflect a child's cognitive abilities. Moreover, the NC EOG assesses performance on the NC standard course of study, making it difficult to compare these results to other states. During the study years, DPI changed the EOG assessment, and we converted the developmental scores to the latest version of the test. Although there is the potential for nonequivalency between the 2 test versions, this was minimized by using concordance tables provided by DPI. In addition, we obtained test scores for only those children enrolled in NC public schools and lacked scores for children who were enrolled in private schools, home schooled, or moved out of state. Furthermore, we did not have complete test scores over time for some children in our sample. If children with NS-OFCs who have more severe academic impairments were more likely to be enrolled in private schools or who were home schooled, the estimated effect may have been attenuated. In addition, even though we validated cases of isolated nonsyndromic cleft by medical chart review, there is the potential that our cases may have had an underlying condition that affected academic performance. Thus, the results of our work may be subject to residual confounding with generalizability limited to subjects represented in our sample. Finally, although our study limited misclassification bias by clinically classifying cases and it used a quantitative measure of achievement, the confidence intervals around our estimates were relatively wide given our small sample size. Moreover, our effect sizes were modest and many of our confidence intervals did cross the null value. In this population based cohort, children with an NS-OFC had slightly increased odds of not meeting grade-level standards in elementary school. This effect was greatest for children with CLþP, which is compatible with the hypothesis that unknown factors causing NS-OFCs also have effects on brain development, although other causative factors cannot be ruled out. Additional studies evaluating underperformance in specific developmental component skills (reading comprehension, word analysis, language, math computation) for children with OFCs may help educators tailor interventions to improve academic outcomes for these children. Model adjusted for maternal education, public pre-kindergarten enrollment, race/ethnicity. Model includes children with end-of-grade scores across all grades (third-eighth).
